Blood-flow interactions with the vascular endothelium represents a specialized example of mechanical regulation of cell function that has important physiological and pathophysiological cardiovascular consequences. Yet, the mechanisms of mechanostransduction are not understood fully. This study shows that shear stress induces a rapid induction as well as nuclear translocation of the vascular endothelial growth factor (VEGF) receptor 2 and promotes the binding of the VEGF receptor 2 and the adherens junction molecules, VE-cadherin and ␤-catenin, to the endothelial cytoskeleton. These changes are accompanied by the formation of a complex containing the VEGF receptor 2-VE-cadherin-␤-catenin. In endothelial cells lacking VE-cadherin, shear stress did not augment nuclear translocation of the VEGF receptor 2 and phosphorylation of Akt1 and P38 as well as transcriptional induction of a reporter gene regulated by a shear stress-responsive promoter. These results suggest that VEGF receptor 2 and the adherens junction act as shear-stress cotransducers, mediating the transduction of shearstress signals into vascular endothelial cells.
A s blood flows through the arteries, it imparts physical forces to the vascular wall that regulate a number of important physiological responses in blood vessels and also are implicated in the development of arterial wall pathologies. It now is well established that the primary role of hemodynamic forces (mainly shear stress, a frictional force acting at the interface between the flowing blood and the vessel wall), acting through the endothelium, is to cause chronic restructuring of blood vessels (1-6) as well as to initiate blood-vessel formation through a process termed arteriogenesis (7, 8) . Several in vivo observations suggest that hemodynamic forces modulate endothelial structure and function, which include increased permeability of macromolecules, lipoproteins accumulation, and endothelial cell damage and repair near branch points and bifurcations (2, 4, 6) . More conclusive evidence for the direct effect of hemodynamic forces on endothelial structure and function has come from in vitro studies in which cultured monolayers have been subjected to defined hemodynamic forces in well controlled model systems. Shear stress-induced structural and functional changes in the vascular endothelium raise the questions ''how are mechanical forces transduced by endothelial cells into biological response?'' and ''is there a shear-stress receptor?'' Mechanistic studies of shear-stress responsiveness have focused mainly on the potential role of ion channels, tyrosine kinase receptors, G proteins, activation of polyphosphoinositide cascade, and modulation of protein function through the calcium and phosphorylation mechanism. The endothelial cytoskeleton also has been considered a candidate for shear-stress transduction because of its fast and dramatic response to shear. It was shown recently that two types of integrins, ␣v␤3 and ␣5␤1, as well as additional focal adhesion components such as FAK and Src, may serve as mechanotransducers in endothelial cells exposed to shear stress (4, 9) .
The main receptors involved in signal transduction cascade in response to vascular endothelial (VE) growth factor (VEGF) comprise a family of closely related receptor tyrosine kinases consisting of three members: the VEGF receptors (VEGFRs) 1, 2, and 3. VEGFR2 seems to mediate the major growth and permeability actions of VEGF, and its deletion in mice is lethal (10, 11) . Recently, early activation (phosphorylation) of VEGFR2 was demonstrated in endothelial cells exposed to shear stress (12) . VEGFR2 phosphorylation was accompanied by VEGFR2 membranal clustering and transient binding to the adaptor protein Shc.
The endothelial cell-cell adhesion site also was suggested as a potential site for mechanosensing. A rapid tyrosine phosphorylation of platelet endothelial cell adhesion molecule 1 (PE-CAM-1) was observed in response to flow, and was accompanied by the binding of PECAM-1 to the phosphatase SH2 and the accumulation of signaling molecules near the junction (13) .
VE-cadherin is the major adhesive protein of the adherens junction and is specific for vascular endothelial cells. It can transfer intracellular information by interacting with the cytoskeleton via several anchoring molecules (among them is ␤-catenin), and its expression is required for vascular integrity (14) . Deletion or cytosolic truncation of VE-cadherin impairs remodeling and maturation of the vascular network, and on the cellular level it abolishes transmission of intracellular signal via VEGFR2 (15) . VEGF induces tyrosine phosphorylation of VE-cadherin, ␤-catenin, plakoglobin, and p-120, which is mediated by VEGFR2 (16) . Recently VEGFR2 was shown to form a complex with VE-cadherin, ␤-catenin, and phosphatidylinositol 3-kinase that leads to the phosphorylation of the survival signal Akt1 (phospho-kinase B) and the induction of BclII in vascular endothelial cells (15) . The adherens junction has been shown to play a role in the adaptation of vascular endothelial cells to long intervals of shear stress (17, 18) , but its role in mechanosensing has not been studied. The present study demonstrates that short intervals of shear stress stimulate the formation of the VEGFR2-VE-cadherin-␤-catenin complex in vascular endothelial cells, and that the complex plays a role in transducing shear stress-dependent signals into the endothelium. We also suggest that VEGFR2 mediates the communication between several shear-stress receptors and the orchestration of shear stressmediated cellular signals.
Materials and Methods
Cell Culture. Primary bovine aortic endothelial cells (BAECs) were prepared as described (19) and grown to confluence in Dulbecco's modified Eagle's medium (DMEM) containing 10% calf serum. Twenty-four hours before each experiment the cultures were serum-starved with medium containing 0.5% calf serum. Primary human umbilical vein endothelial cells were prepared as described (20) and grown in M-199 medium with Hanks' salt base containing 20% FCS, 50 g͞ml endothelial mitogen, and 20 units͞ml heparin. Twenty-four hours before each experiment the cultures were serum-starved with medium containing 5% FCS without mitogens and heparin. Endothelial VE-cadherinϪ͞Ϫ (100) and VE-cadherinϩ͞ϩ (100VE) cells were prepared as described (15) and grown in DMEM containing 20% FCS, 50 g͞ml endothelial mitogen, and 20 units͞ml heparin. Twenty-four hours before each experiment the cultures were serum-starved with medium containing 5% FCS without mitogens and heparin. Transfection Procedure. BAECs or 100 and 100VE cultures were electroporated by using the Electro cell manipulator (ECM600, BTX, Genetronics, San Diego, CA). In brief, 24 h after their passage the cells were collected into DMEM͞10% FCS and electroporated following the conditions supplied by the manufacturer with a vector containing the firefly luciferase regulated by a promoter containing the platelet-derived growth factor (PDGF)-A͞shear stress response element (SSRE) (21) and a control vector of the Renilla luciferase regulated by a minimal promoter. One day later the cells were washed and transferred to shear-stress plates. At the end of each experiment the cells were collected, lysed, and analyzed for dual luciferase activity by using the dual-luciferase kit (Promega) and a luminometer (TD 20͞20 Turner Designs, Sunnyvale, CA).
Shear-Stress Experiments. Cells were plated on gelatin-treated polystyrene plates for protein-extraction experiments and on polystyrene coverslips for immunofluorescence experiments. Cells were subjected to laminar shear stress (LSS) of 10 dynes͞ cm 2 (1 dyne ϭ 10 N) for changing periods of time using the cone and plate apparatus as described (19) . All experiments were repeated at least four times. , and 1 mM Na 3 Vo 4 , harvested, and lysed in lysis buffer (20 mM Tris, pH 7.5͞150 mM NaCl͞1 mM Na 3 Vo 4 ͞5 mM EDTA͞1% Triton X-100͞10% glycerol͞1 mM DTT͞1 mM PMSF͞1 g/ml leupeptin).
Preparation of Cytosolic and Nuclear Extracts. Cytosolic and nuclear proteins from BAECs were obtained as described (22) .
Preparation of Triton X-100-Soluble and Triton X-100-Insoluble Protein
Extracts. Triton X-100-soluble and -insoluble protein extracts were prepared as described (17) .
Immunofluorescence Staining. Cells were washed three times in PBS, fixed in 2% paraformaldehyde for 20 min, and permeabilized in 2% paraformaldehyde containing 0.2% Triton X-100. Cells then were blocked in PBS containing 3% BSA, 10% rabbit serum, and 0.1% glycine and incubated with the primary antibody in PBS with 2% rabbit serum followed by incubation with FITC-conjugated or tetramethylrhodamine B isothiocyanateconjugated secondary antibody. All procedures were carried out by using PBS containing Ca 2ϩ and Mg 2ϩ . Image processing was carried out on a Zeiss inverted microscope (Axiovert B5) and IMAGE PRO (plus 4.5) software.
Western Blot Analysis. Protein extracts were subjected to electrophoresis on SDS-polyacrylamide gels and electrotransferred onto nitrocellulose membranes. Membranes were blocked for 1 h in 5% nonfat dry milk in Tris-buffered saline (TBS)͞0.05% Tween 20 except when anti-Akt and anti-phospho-Akt antibodies were used, for which blocking was carried out in 5% BSA in TBS͞0.05% Tween 20. Blots were incubated overnight at 4°C with primary antibodies (0.5 g͞ml) in their blocking solution followed by 1-h incubation with horseradish peroxidaseconjugated protein A͞G (1:5,000 dilution, Pierce) and detected by a chemiluminescence kit (LumiGlo, Cell Signaling, Beverly, MA).
Antibodies. Anti-Flk-1 (sc-1158), anti-VE-cadherin (sc-6458), anti-␤-catenin (sc7199), and anti-␥-catenin (plakoglobin, sc-7900) were purchased from Santa Cruz Biotechnology. Anti-Akt (9272) and phospho-Akt (9271), anti-P38 (9212), and phospho-P38 (9212s) were purchased from Cell Signaling.
Data Quantification and Statistical Analysis. Immunoblots were quantified by using a Vilber Lourmat densitometer (BIO CAP-1 software). All values are reported as mean Ϯ SD. Statistical significance was calculated by using an ANOVA two-tailed t test and set as P Ͻ 0.05.
Results
Rapid Response of VEGFR2 to Shear Stress. To test the regulation of VEGFR2 by shear stress, BAECs were exposed to physiological levels of shear stress (10 dynes͞cm 2 ), and the protein levels of VEGFR2 in these cells were tested. Rapid induction (30 min) was observed in whole-cell extracts prepared from endothelial cells exposed to shear stress in comparison to cells grown under static conditions ( Fig. 1 A and B) . Interestingly, VEGF-A levels were unaffected by shear stress (data not shown). The induction of VEGFR2 by shear stress diminished several hours after the onset of flow, suggesting that this transient response is affected by shear-stress changes rather than chronic shear stress. To our surprise shear stress regulated not only the levels of VEGFR2 but also its cellular localization. Both immunohistochemical studies (Fig. 1C) and Western Blot analysis of BAEC cytosolic and nuclear fractions suggested that as early as 2 min after the onset of flow, VEGFR2 translocated into the nucleus. A similar translocation could be observed in endothelial cells treated with VEGF for several hours (ref. 23 and N.R., unpublished results). Although the biological function of the nuclear VEGFR2 is yet to be defined, nuclear translocation of additional tyrosine kinase receptors such as fibroblast growth factor and epidermal growth factor was demonstrated also, a translocation that was accompanied by transcriptional activity of the receptors (24, 25) .
Rapid Response of the Adherens Junction to Shear Stress. Recent reports demonstrated changes in cellular localization of the adherens junctions components, VE-cadherin, and ␤-catenin in endothelial cells exposed to prolonged shear stress (8-24 h) and suggested a potential role for these molecules in the morphological adaptation of endothelial cells to flow (17, 18) . We hypothesized that the adherens junction may serve as a shearstress sensor and thus undergo fast changes in response to flow. To test this hypothesis, endothelial cells were exposed to short intervals of shear stress, and the cellular localization of the two molecules was studied. Although the expression level of these molecules was unchanged in cells exposed to short intervals (minutes to hours) of shear stress (Fig. 2) , changes in the cellular localization of VE-cadherin and ␤-catenin after shear stress were detected by immunofluorescent costaining. In endothelial cells exposed to 5 min of shear stress, VE-cadherin and ␤-catenin accumulated and colocalized at the intercellular junctions (data not shown). To test the binding of VE-cadherin and ␤-catenin to the endothelial cytoskeleton, endothelial cells were extracted into Triton X-100-soluble and -insoluble fractions. A rapid but transient increase was observed in the cytoskeletal (Tritoninsoluble)-bound fraction of VE-cadherin minutes (2Ј-5Ј) after the onset of flow (Fig. 3A) , whereas the levels of ␤-catenin in both fractions were not affected by shear stress (Fig. 3B) . Interestingly, VEGFR2 also became associated with the cytoskeleton shortly (5Ј) after the onset of flow (Fig. 3C) in a time interval similar to the binding of VE-cadherin to the cytoskeleton.
Because VE-cadherin total-protein levels are unchanged in response to shear stress (Fig. 2) , the movement of VE-cadherin from the soluble to the insoluble fraction could be explained by increased binding to one of its cytoskeleton-anchoring proteins. To test this possibility, coimmunoprecipitation assays were performed by using either ␤-catenin or ␥-catenin (plakoglobin) antibodies and cellular extracts derived from static or shearstress cells. These experiments revealed that the binding of VE-cadherin to plakoglobin was high under static conditions but not affected by the flow (data not shown). In contrast, the binding of VE-cadherin to ␤-catenin was minimal under static conditions, but a rapid and transient increase occurred in this binding after exposure of endothelial cells to shear stress (Fig. 4A) .
The binding of VE-cadherin to ␤-catenin overlapped the binding of VE-cadherin to the endothelial cytoskeleton as well as their colocalization at the cellular junction.
Rapid and Transient Binding of VEGFR2 to the Adherens Junctions
After Exposure of the Cells to Shear Stress. Recent studies demonstrated that after treatment of endothelial cells with VEGF-A, a multimember complex is formed containing VEGFR2, VEcadherin, and ␤-catenin (15, 26) . In cultured cells this complex was responsible for the induction of survival signals, whereas in vivo it played a major role in new blood-vessel formation. The binding of VEGFR2 to the endothelial cytoskeleton after shear stress (Fig. 3C ) raised the possibility that shear stress similar to VEGF induces the formation of the complex VEGFR2-VEcadherin-␤-catenin. Coimmunoprecipitation studies with either ␤-catenin (data not shown) or VEGFR2 (Fig. 4B) antibodies, revealed a rapid and transient binding of VEGFR2 to VEcadherin and ␤-catenin, which overlapped the formation of the complex VE-cadherin-␤-catenin and the binding of VEGFR2 to the endothelial cytoskeleton. Recently, shear stress was demonstrated to induce a rapid (1-2 min) activation (tyrosine phosphorylation) of VEGFR2 (12) . Thus, after the exposure of endothelial cells to shear stress, VEGFR2 is activated rapidly, binds to the endothelial cytoskeleton, and forms a transient multimember complex with the adherens junction components.
The Complex VE-Cadherin-␤-Catenin-VEGFR2 Plays a Role in Shear-
Stress Signaling. Several candidates including tyrosine kinase receptors, integrins, ion channels, and caveolae were implicated as potential shear-stress ''receptors'' undergoing rapid changes in endothelial cultures exposed to shear stress (4). The shear stress-mediated rapid changes in the adherens junction and VEGFR2 cellular localization demonstrated here pointed at this complex as a potential shear-stress transducer. To test the role of the complex as a shear-stress transducer, two embryonic endothelial cell lines were used (15) . In the first line the VE-cadherin gene was knocked out (VE-cadϪ͞Ϫ), and in the second the VE-cadherin gene was stably retransfected (VEcadϩ͞ϩ). Several shear stress-induced signaling events were tested in these cells after their exposure to shear stress: nuclear translocation of VEGFR2 (Fig. 5) , activation of the serine kinases Akt1 (phospho-kinase B) and P38 ( Fig. 6 A and B) , and The cellular localization but not the expression of VE-cadherin (VE-cad) and ␤-catenin expression is unaffected by shear stress. BAECs were grown under static conditions or exposed to LSS (10 dynes͞cm 2 ) for various time intervals. The expression of VE-cadherin and ␤-catenin was tested in whole-cell extracts by using immunoblotting and compared with the expression of a reference gene, Tie 2, the expression of which is unaffected by shear stress (N.R., unpublished observation). The data are presented as fold of control, mean Ϯ SD (n ϭ 4). transcriptional induction of a reporter gene regulated by a hybrid promoter containing the PDGF-A͞SSRE (Fig. 7) . VEGFR2 nuclear translocation in response to shear stress was observed in both arterial endothelial cells and the VE-cadϩ͞ϩ line (Fig. 5 A  and B) but did not occur in VE-cadϪ͞Ϫ cells (Fig. 5B) .
P38 (mitogen-activated protein kinase or MAPK) is a serine kinase recently demonstrated to become activated by shear stress (9) . Although the expression level of P38 was not affected by the flow in cultures expressing or lacking the VE-cadherin gene, P38 phosphorylation (pP38) mediated by the flow was restricted to cultures expressing the VE-cadherin gene (Fig. 6A) . After the exposure of endothelial cells to physiological levels of LSS, Akt1 becomes phosphorylated (27, 28) . Akt1 phosphorylation also was associated with the activation of the VEGFR2 by either VEGF-A or shear stress (27, 28) . Although Akt phosphorylation was observed in VE-cadϩ͞ϩ cells after their exposure to shear stress, it was not induced in the VE-cadϪ͞Ϫ cells (Fig. 6B) .
Shear stress-mediated signaling into the endothelium also affects the transcription of many endothelial genes (29, 30) . This transcriptional activity is mediated by positive or negative promoter elements termed SSREs. To test the role of the complex VE-cadherin-␤-catenin-VEGFR2 in shear stress-mediated transcription, arterial endothelial cells, VE-cadϩ͞ϩ and VEcadϪ͞Ϫ cells were transfected with a construct containing the luciferase reporter gene regulated by a hybrid promoter containing the PDGF-A͞SSRE (21) and exposed to shear stress.
The expression of the luciferase gene was induced in both arterial endothelial cells and the VE-cadϩ͞ϩ cultures in response to flow but was unaffected in the VE-cadϪ͞Ϫ cells. In summary, the lack of VE-cadherin (and thus the lack of the VEGFR2-VE-cadherin-␤-catenin complex) resulted in the abrogation of acute (activation P38 and Akt, VEGFR2 nuclear translocation) and more chronic (transcription) shear stressmediated cellular signals.
Discussion
The present study demonstrates that after the exposure of endothelial cells to minutes of shear stress, the adherens junctions molecules VE-cadherin and ␤-catenin migrate to the site of cell-to-cell contacts and that a complex containing VE-cadherin, ␤-catenin, and VEGFR2 is formed rapidly. Shear stress also induces VEGFR2 nuclear translocation, and although the mechanism of this translocation is unknown, our findings demonstrate that it depends on the expression of the VE-cadherin gene. In endothelial cells lacking the VE-cadherin gene the activation of the serine kinases Akt1 and P38 and the induction of SSREdependent gene transcription do not occur. Thus, we propose that the formation of the VE-cadherin-␤-catenin-VEGFR2 complex is important in shear-stress sensing and that the adherens junctions serve, among other structures, as a shear-stress transducer.
The definition of a shear-stress receptor is important in our attempts to understand the role of shear stress in various -cad ϩ͞ϩ, B) were grown under static conditions or exposed to LSS (10 dynes͞cm 2 ) for various time intervals. Nuclear fractions were prepared and tested for the presence of VEGFR2 (double arrow) by using immunoblotting. Note the rapid (2Ј) nuclear translocation of VEGFR2 after shear stress in BAECs and VE-cadherin ϩ͞ϩ cells. Fig. 3 . Rapid and transient attachment of VE-cadherin and VEGFR2 to the endothelial cytoskeleton in endothelial cells exposed to shear stress. BAECs were grown under static conditions or exposed to LSS (10 dynes͞cm 2 ) for various time intervals. Cytoskeleton-free (Triton X-100-soluble) and bound (Triton X-100-insoluble) fractions were prepared and tested for the presence of VE-cadherin (A), ␤-catenin (B), and VEGFR2 (C) by using immunoblotting. The data shown is a representative experiment (n ϭ 5). ST, static BAEC control cultures.
Fig. 4.
Rapid and transient attachment of VE-cadherin to ␤-catenin and VEGFR2 in endothelial cells exposed to shear stress. BAECs were grown under static conditions or exposed to LSS (10 dynes͞cm 2 ) for various time intervals. (A) Coimmunoprecipitation (IP) was performed to whole-cell extracts by using an antibody to ␤-catenin. Precipitated samples were tested for the presence of VE-cadherin (VE-cad) or ␤-catenin by using immunoblotting (IB). (B) Coimmunoprecipitation was performed with whole-cell extracts by using an antibody to VEGFR2. Precipitated samples were tested for the presence of VE-cadherin or VEGFR2 by using immunoblotting. ST, static BAEC control cultures.
physiological and pathological conditions in the vascular system and may lead to the development of new diagnostic and therapeutic strategies. In recent years several molecules on the endothelial cell surface have been suggested to act as mechanical receptors. Some of these structures evoke identical shear stressmediated signals such as the activation of Erk1͞2, which is activated rapidly by shear stress, activation that was shown to depend on the integrins ␣v␤3 and ␣5␤1 (9, 31-33) and caveolin-1 (34) . Therefore, the orchestration of the response of the various shear-stress receptors is important in determining which intracellular signals will be induced in the cells. VEGFR2, similar to several other tyrosine kinase receptors, undergoes tyrosine transphosphorylation after its activation and is capable of creating complexes with various cytoplasmic and membranal proteins (35, 36) . VEGFR2 can bind to the adherens junctions and several integrin pairs and affect NO production via endothelial NOS, localized in the caveolae (35) . We postulate that VEGFR2, which is activated rapidly by shear stress in vascular endothelial cells, may serve as a ''mediator'' molecule, enabling the crosstalk between various shear-stress receptors, among them integrins, caveolae, or other tyrosine kinase receptors. This ability of VEGFR2 to form complexes with more than one surface structure also may explain the versatility in the cellular responses to physiological or pathological shear stresses.
The ability of shear stress to activate VEGFR2 and induce the formation of the VE-cadherin-␤-catenin-VEGFR2 complex raises the question of whether additional tyrosine kinase receptors can serve as mechanical receptors. Recently it was shown that exposure of smooth muscle cells to short intervals of cyclic strain lead to the activation of the PDGF receptor ␣ (37). The fact that biomechanical forces are capable of mimicking biochemical signaling by using known tyrosine kinase receptors as mechanical receptors opens a new window to our understanding Whole-cell extracts were tested for P38 expression or phosphorylation (pP38). (B) Endothelial cells null for VE-cadherin (VE-cad Ϫ͞Ϫ) and the same cells stably retransfected with VE-cadherin (VE-cad ϩ͞ϩ) were grown under static conditions or exposed to LSS (10 dynes͞cm 2 ) for various time intervals. The expression and activation of Akt were tested and are presented as the ratio of Akt to phosphorylated Akt (mean Ϯ SD, n ϭ 4). Fig. 7 . Transcriptional induction of a PDGF-A͞SSRE-luciferase vector does not occur in endothelial cells lacking the VE-cadherin gene. BAEC cultures, endothelial cells null for VE-cadherin (VE-cad Ϫ͞Ϫ), and the same cells stably retransfected with VE-cadherin (VE-cad ϩ͞ϩ) were cotransfected with a vector containing the PDGF-A͞SSRE regulating the expression of a firefly luciferase reporter gene and a Renilla luciferase regulated by a minimal promoter. The transfected cells were incubated under static conditions or exposed to LSS (10 dynes͞cm 2 , 60 min), and the expression of the firefly luciferase was normalized to the expression of the Renilla luciferase. Statistical analysis was carried out on five independent experiments. mechanical signaling in various tissues. This understanding may mark the development of novel vascular therapeutic targets.
One of the rapid responses of VEGFR2 to shear stress was its migration into the nucleus. Neither the role of the nuclear VEGFR2 nor the mechanism of its translocation is understood at present. Nuclear translocation of additional tyrosine kinase receptors such as fibroblast growth factor and epidermal growth factor also was demonstrated and shown to be accompanied by transcriptional activity of the receptors (24, 25) . Migration of fibroblast growth factor receptor into the nucleus is stimulated by the binding of fibroblast growth factor to the receptor, mediated by importin 2, and correlates with increased expression of cyclin D1 (38) . In the present study we demonstrated that VEGFR2 nuclear translocation depended on the expression of VE-cadherin. The potential role of the complex VEGFR2-VEcadherin-␤-catenin in VEGFR2 nuclear translocation calls for further investigation.
Arteriogenesis naturally occurs in the heart and peripheral organs in rare examples of patients suffering from ischemic diseases (39) . Several groups have pointed to shear-stress changes as a primary stimulus for arteriogenesis (7, 8, 10, 39) and to the involvement of MCP-1 and TGF-␤ in this process (40) . Both vasculogenesis and angiogenesis are highly dependent on VEGF levels and are initiated by the binding of VEGF-A to its receptor VEGFR2, resulting in the formation of the VEcadherin-␤-catenin-VEGFR2 complex and the activation of the survival and proliferation signals (15, 26) . Nevertheless, as shown recently by Deindl et al. (39) arteriogenesis cannot be initiated or further augmented by VEGF administration. In the present study we have shown that shear stress can mimic VEGF-A by rapidly inducing the formation of the VE-cadherin-␤-catenin-VEGFR2 complex and activation of cellular signaling cascades. Yet, although similar initial events occur in response to VEGF or shear stress treatment, the intracellular signals promoted by these stimuli diverge. For example, nuclear translocation of VEGFR2 in response to VEGF-A treatment occurs hours after the treatment, whereas shear stress mediates the process within minutes. We hypothesize that shear stress by mimicking VEGF-A triggers the initial steps of arteriogenesis and eliminates the need for VEGF-A in this process. The ability of shear stress to induce the expression of MCP-1 and TGF-␤ rapidly as well as diverging cellular signals induced by shear stress and VEGF-A may explain the differences between VEGF-A-and shear stress-mediated blood-vessel formation.
